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Summary

The interaction of a cell with its environment occurs at the cell membrane. Typically, binding
of signal ligand to a protein receptor introduces a change in the receptor that propagates
to the cytoplasmic end of the receptor, causing binding or release of a second ligand. Such
long-distance propagation through the receptor is referred to as the allosteric effect. In
this thesis we report large-scale molecular simulations of two classes of protein receptors -
bacterial chemoreceptors and G-protein-coupled receptors. We aim at gaining insights into
the detailed mechanism of the allosteric communication of these receptors.

Models of the mechanism of allostery can be classified into two categories based on the
type of change the signal ligand introduces to the receptor. In classic models, binding of one
ligand either drives the receptor to a different conformation than the apo conformation or
shifts the equilibrium of multiple conformations. Here the change is a change in the average
structure of the receptor. The other class of model is the fluctuation-driven model, in which
the change of the receptor is not a change in the average conformation but a change in scale
of fluctuations around the same average conformation.

In Chapter 3-5, we investigated the allosteric mechanism of bacterial chemoreceptors via
all-atom Molecular Dynamics of the HAMP domains. HAMP domains are signal converting
domains in chemoreceptors, between the input sensor domain responsible for extracellular
ligand binding and the output domain (the kinase control module). We followed a reduc-
tionism approach and only studied the dynamics of isolated HAMP domains, because (I) no
crystal structure of any complete chemoreceptor is available, mainly due to the technical dif-
ficulty in resolving its transmembrane domain; (II) a complete chemoreceptor is such a large
molecule that all-atom MD simulations become very expensive even for the state-of-the-art
computing resources.

Chapter 3 studied the first resolved structure of HAMP domains from a thermophilic
organism Archaeoglobus fulgidus. This HAMP domain Af1503 is very stable at the resolved
NMR structure at room temperature and standard pressure. Therefore we had to adopt
two approaches to induce external perturbation so that the motions of this HAMP domain
can be studied. The first approach was to start the simulations from a mutant structure
of this HAMP. In these simulations, we identified a second metastable conformational state
P10/P01, convertible to the NMR structure through the piston shifts of the HAMP helices.
In the second approach, we enhanced the sampling of the conformational space of HAMP
using well-tempered metadynamics. Our metadynamics simulations confirmed the meta-
stability of state P10/P01 and identified an extra conformation P11. These results are
consistent with the piston model (and tilt model) drawn from various experimental studies.
Thus it appears that allostery of the chemoreceptors containing this Af1503 HAMP might
be described by the classic models.

In Chapter 4, we studied three HAMP domains from a soluble receptor Aer2 from P.
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aeruginosa. These HAMP domains are distinguished from the Af1503 HAMP on level of
their primary sequences and the fact that they are connected to each other forming a poly-
HAMP chain. Understanding how motions of one HAMP domain can be transmitted to
in a polyHAMP chain could offer important insights to the signaling mechanism of HAMP
domains in chemoreceptors. Although the three HAMP domains can convey tilt or piston
motions, we did not observe any correlation across different HAMP domains in terms of these
motional modes. Instead, we found that the helices at the stutter junction of HAMP2/3 un-
fold if HAMP1 is cut from the polyHAMP chain. Considering that the stutter junction with
high intrinsic flexibility are also found at the junction between HAMP and the output kinase
module in chemoreceptors, this evidence appears to indicate that allostery in chemoreceptors
could be a process involving generation or release of tension causing changes in the packing
stability of HAMP domains. Moreover, we found unusual flexibility within the hydrophobic
layers in HAMP2 and HAMP3 that were not reported in any existing studies of canoni-
cal HAMP domains. The importance of such "unusual" layer flexibility was linked to the
function of HAMP2 via a mutant study of the residue I88G: (I) the I88G mutant had the
opposite phenotype to the wild-type HAMP2 in a previous experiment; (II) the "sliding"
motion present within the third layer of wild-type HAMP2 disappeared in our simulations
of the I88G mutant.

Chapter 5 discussed the dynamic bundle model of HAMP signaling in the chemoreceptor
Tsr. Based on large scale mutagenesis study of the Tsr HAMP domain and speculations
of the destabilizing effects a mutant might introduce to the HAMP domain, this model
attributes the signaling mechanism of Tsr-HAMP to the change in its packing stability.
It states that signal transduction occurs by changing the degree of packing in the helical
bundle: binding of attractant induces tighter packing of the HAMP bundle whereas binding
of repellent results in more loosely packed bundle. However, the response of the flagellar
rotation for such change of HAMP depends on the initial packing degree: (I) very tight and
very loose packing of HAMP both induce CCW behavior; (II) if the initial packing is tighter
than a threshold degree, HAMP works in the normal regime - tighter packing enhances CW
behavior; (III) if the initial packing is looser than the threshold degree, HAMP works in
the reversed regime - looser packing of HAMP enhances CW behavior. According to this
model, the wild-type Tsr HAMP falls in the normal regime while a number of mutants, such
as I229A, work in the reversed regime. Mutants that lock the flagellar rotation CW, e.g.
L256A, were proposed to hold the threshold packing degree. To characterize structurally the
speculations made in the model, we presented structural models of wild type Tsr-HAMP and
two mutants, L256A and I229A, based on the prototype structure of HAMP domain Af1503
and performed all-atom Molecular Dynamics simulations on them. Our results show that
Tsr-HAMP is indeed highly dynamic, with less helical character than Af1503-HAMP on its
two terminal ends. The L256A variant is more flexible than wild-type Tsr-HAMP with larger
side-chain flexibility of the layer residues. I229A is even more flexible than L256A with less
helical character. The results of our 6µs MD simulations seem consistent with the dynamic
bundle model. In addition, we showed that the crystal conformation of HAMP2 of the
Aer2 receptor is beyond the operational range of conformations for Tsr-HAMP, because the
homology model of Tsr-HAMP built on top of the HAMP2 crystal structure easily unfolds
in our Molecular Dynamics simulations.

The work presented in Chapter 3-5 are among the first few simulation studies of the
dynamics of HAMP domains. Structures of HAMP domains are difficult to obtain experi-
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mentally mainly because they are highly flexible. The prototype of HAMP domain structure
Af1503 is known to be “unusually” stable, and thus able to be characterized by NMR. One
should note that although we observed the piston and tilt motions of helices in Af1503
HAMP, Af1503 HAMP is only partially functional if fused into the E. coli chemoreceptor
complex. The piston and tilt motions of the helices were also be observed in divergent
HAMP domains forming polyHAMP chains. However, these rigid body motions of helices
were hardly correlated across the HAMP domains in our simulations and thus very unlikely
to represent the signaling mechanism in a polyHAMP chain. Instead, we were able to relate
the sliding motion within the third hydrophobic layers of HAMP2 to its signaling behavior in
fused signaling complex. Moreover, this mode of motion is accompanied by partial unfolding
and bending of the HAMP2 helices. Tsr-HAMP is directly from a canonical E. coli chemore-
ceptor Tsr and thus of the most importance among the 3 HAMP contained systems studied
in this thesis, in the sense of providing insights into the common signaling mechanism of
bacterial chemoreceptors. The results of our simulations of Tsr-HAMP seemed obeying with
the dynamic bundle model, which shares similar spirit with the fluctuation-driven model
of allostery. The author look forward to more future studies of HAMP dynamics in this
direction.

In Chapter 6, we directly addressed the fluctuation-driven model of allostery via a simple
coarse-grained model of G-protein-coupled-receptors. In this model, only one average struc-
ture of GPCRs exists. Motions of the transmembrane helices were assumed to be purely
fluctuations around the average position. Given these assumptions, we were still able to
observe effective communications between the extracellular and intracellular ligands. More-
over, our model predicts that such communication only occurs when the integral membrane
receptor contains at least 4 transmembrane helices. Furthermore, the scale of fluctuations of
the transmembrane helices parameterized from all-atom simulations of β2AR receptor falls
into the region with optimal cooperativity predicted by the model. We concluded from this
work that fluctuation-driven allostery is possible in GPCRs.


